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Snapshot of Protein Structure Evolution
Reveals Conservation of Functional Dimerization
through Intertwined Folding
chemotactic cytokines, and antiapoptosis (Baldwin
1996; Thome and Tschopp, 2003). The rel/NF-B pro-
teins feature high conservation across their sequences,
which fold into two domains separated by a linker region.
Both domains fold with an immunoglobulin-like topol-
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Tennis Court Road ogy. The N-terminal domain makes sequence-specific
contacts with the DNA major groove, and the C-terminalCambridge, CB2 1GA
United Kingdom domain is responsible for dimerization (Muller et al.,
1995; Ghosh et al., 1995). Here, protein-protein associa-2 Centre for Biomolecular Sciences
University of Nottingham tion is not only required for DNA binding but, through
the heterodimerization of distinct NF-B proteins, alsoNottingham, NG7 2RD
United Kingdom allows these molecules to expand their DNA recognition
repertoire (Chen et al., 1998).
NF-B p50, with its well-defined homodimeric inter-
face, provides a suitable model to study protein-proteinSummary
interactions. Previously, random mutagenesis and in vivo
screening techniques were applied to the analysis ofProtein-protein interactions govern a wide range of
cellular processes. Molecular recognition responsible this interface (Hart et al., 2001). Simultaneous random
mutation of 4 amino acids centrally placed in the inter-for homodimerization and heterodimerization in the
rel/NF-B family of eukaryotic transcription factors face, Tyr267, Leu269, Ala308, and Val310, led to the
identification of 25 novel mutants that retained the in vivorelies on a small cluster of hydrophobic residues. We
have carried out a structural analysis of six NF-B activity of the wild-type protein. While the Leu-Ala core
was preserved in many mutants, the Tyr and Val posi-p50 dimer interface mutants; one of them revealed a
remarkable alteration. One or possibly both its muta- tions appeared to be relatively tolerant of most hy-
drophobic substitutions. Such a panel of mutants setstions cause a switch into an intertwined dimer, in
which the molecular partners exchange nearly half excellent grounds to further investigate the spectrum of
interactions and possible alternative packing arrange-of their fold. In spite of the extensive swapping of
secondary structure elements, the topology within ments of side chains that are compatible with the same
interface geometry. We decided to carry out a crystallo-each counterpart is preserved, with a very similar over-
all structure and minimal changes at the interface. graphic analysis of a subset of six mutants: YLGV, MLAV,
MLAC, MLAM, WLAC, and ILAC (wild-type: YLAV). InThus intertwining rescues structure and function from
a destabilizing mutation. Since the mutants originate this investigation, only the dimerization domain was
crystallized, since this was not seen to be any differentfrom a directed evolution experiment and are func-
tional, the data provide an evolutionary snapshot of from the domain in the whole NF-B p50 protein bound
to DNA (Muller et al., 1995; Huang et al., 1997).how a protein structure can respond to mutations
while maintaining a functional molecular architecture.
Results and DiscussionIntroduction
All but one mutant crystallized with the same symmetryThe diversity of interactions in protein-protein associa-
as the wild-type (Table 1); YLGV, however, showed notions reflects the variety of functions that rely on protein
significant alterations in structure or conformation. Apartcomplexes (Larsen et al., 1998; Janin 1999; Nooren and
from MLAM, all mutants have essentially the wild-typeThornton 2003). Mutagenesis and in vitro evolution ex-
tertiary structure, and only very minimal changes canperiments indicate that crucial “hot spots” exist at inter-
be detected in some interface residues in the proximityfaces and show that the perhaps unexpected plasticity
of the mutation sites. One notable change is the appear-of protein structure often allows distinct interactions to
ance of solvation water molecules, filling the space leftyield equivalent interfaces (Clackson and Wells, 1995;
by some of the mutations; for instance, the Tyr to MetWells 1996; Bogan and Thorn 1998; Atwell et al., 1997).
substitution in MLAC makes room for two waters toA simple, relatively small interface is that of the NF-B
coordinate both the side chain of Glu265 as well asp50 homodimer, dominated by a cluster of four (per
atoms of the peptide backbone.monomer) hydrophobic amino acid side chains.
In most mutants the overall geometry of the interfaceNF-B p50 belongs to a group of transcription factors
is strictly preserved, presumably constrained by thewidespread in eukaryotic organisms; members of the
Leu-Ala symmetrical tetrad. An indication of the packingrel/NF-B family regulate the expression of multiple
restrictions is given by the YLGV mutant, where in spitegenes, such as those involved with innate immunity,
of the void created by the Ala to Gly substitution nocell surface activation and adhesion, inflammatory and
atomic shifts are observed. On the other hand, the
Tyr267 position appears to be tolerant to substitutions*Correspondence: max_paoli@yahoo.com
3 These authors contributed equally to this work. with either smaller (Met, Ile, Val) or larger (Trp) side
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Table 1. Summary of Crystallographic Statistics of NF-B Mutant Structures
MLAM YLGV WLAC MLAC ILAC MLAV
X-Ray Diffraction Data
X-ray source SRS PX 9.6 In-house SRS PX14.2 SRS PX14.2 SRS PX14.2 In-house
Space group P41212 P212121 P41212 P41212 P41212 P41212
Unit cell (A˚)
a 59.40 39.60 63.09 63.10 63.11 62.82
b 59.40 73.59 63.09 63.10 63.11 62.82
c 59.86 138.86 65.28 64.04 65.14 65.80
 () 90.00 90.00 90.00 90.00 90.00 90.00
Resolution range (A˚) 30.0–2.70 50.0–2.20 30.0–1.90 25.0–1.90 50.0–1.90 25.0–1.90
Highest resolution shell 2.76–2.70 2.25–2.20 1.94–1.90 1.94–1.90 1.94–1.90 1.94–1.90
Rsyma 4.2 6.5 5.3 3.8 4.6 4.1
Highest resolution shell 34.7 28.1 33.2 33.9 33.6 39.3
Completeness (%) 99.8 98.3 99.8 99.8 99.0 99.1
Highest resolution shell 100.0 96.0 100.0 100.0 99.9 99.7
No. of unique reflections 3,233 20,980 11,068 10,700 10,766 10,799
Multiplicity 7.4 5.1 7.0 7.7 6.9 4.9
Average intensity, I/(I) 17.5 14.6 15.4 16.3 15.3 21.9
Percent reflections with 57.4 63.3 53.9 61.6 58.7 53.8
I/(I)3 in the highest
resolution shell
Wilson B factor (A˚2) 75.4 29.3 29.0 30.8 26.5 31.8
Refinement
Rcrystb 26.5 17.3 18.5 18.2 17.4 18.2
Highest resolution shell (33.4) (19.1) (19.7) (22.3) (18.9) (24.0)
Rfreec 31.7 23.5 22.0 23.5 22.3 22.2
Highest resolution shell (47.8) (31.0) (28.4) (24.0) (28.7) (30.9)
No. of reflections
Working 2,913 19,850 10,502 10,151 10,236 10,244
Test 295 1,373 734 725 718 744
Molecules per asymmetric 1 4 1 1 1 1
unit
No. of nonhydrogen atoms
Protein 802 3,306 829 844 840 819
Water 13 385 123 130 130 124
Model Quality
Estimated coordinate errord (A˚) 0.47 0.33 0.13 0.14 0.13 0.13
Rms deviation bonds (A˚) 0.009 0.018 0.015 0.017 0.015 0.016
Rms deviation angles () 1.59 1.52 1.59 1.58 1.49 1.61
Overall mean B factor (A˚2) 57.0f 23.2 29.4 32.3 25.9 31.6
Ramachandran plot analysise
No. of residues in:
Most favored regions 73 307 78 81 76 77
Additionally allowed regions 13 31 7 8 7 7
Disallowed regions 0 0 0 0 0 0
a Rsym  h|Ih 	 I|/hIh, where Ih is the intensity of reflection h, and I is the mean intensity of all symmetry related reflections.
b Rcryst  ||Fobs| 	 |Fcalc||/|Fobs|, Fobs and Fcalc are observed and calculated structure factor amplitudes.
c Rfree as for Rcryst using a random subset of the data (5%, except for MLAM mutant where 10% of data were used in order to improve accuracy
of Rfree) excluded from the refinement.
d Estimated coordinate error based on the R value as calculated by Refmac (Murshudov et al., 1997).
e Calculated with PROCHECK (Laskowski et al., 1993).
f B factor cited here is calculated before the TLS refinement was performed.
chains. In the case of the Val310 position, hindrance the interface and joins the cognate domain to continue
the rest of the fold. The connecting peptide segments,gives rise to more complicated interactions, the effects
of which are manifested in the dramatic changes oc- between residues 304 and 307, are clearly defined in the
electron density maps (Figure 2). Each of the resultingcurring in the MLAM mutant.
domains individually overlay very well on the wild-type
monomer, with an overall rms deviation of 0.5 A˚ (notThe Structure of the MLAM Mutant
Strikingly and unexpectedly, the monomers of the MLAM significant relative to experimental error) for the C

atoms (least squares fit using residues 247–303 andmutant have exchanged nearly half of their polypeptide
chain, so that the fold of each domain is intimately inter- 309–349). Indeed, all the hydrophobic core residues within
each domain are in the same position as in the wild-twined (Figure 1). After making five  strands and a short
310 helical segment, the polypeptide chain crosses over type. There is, nevertheless, a change in the orientation
Intertwined Folding Rescues Functional Dimerization
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Figure 1. Schematic Representation of the Structure of the NF-B Dimerization Domains
(A) The wild-type homodimeric conformation and (B) the intertwined fold of the MLAM mutant are shown. The mutations are Tyr267→Met
and Val310→Met. Two loops in the MLAM mutant that could not be built into the structure due to disorder are labeled (residues from 285 to
290 in both chains). The extensive intertwining between the two polypeptide chains is responsible for excluding from the solvent a total
surface area of about 4600 A˚2. Orthogonal views are shown.
of the domains relative to each other (Figure 3), corre- it shrinks down to 5.7 A˚ in the MLAM mutant, indicating
that the shift of one domain relative to the other hassponding to an approximate rotation of about 14 from
a pivot point near where the DNA and the N-terminal brought the Leu residues closer together. This therefore
leads to a small repacking at the interface, where thedomain would be located in the whole complex. When
the mutant is superimposed onto the wild-type by least Leu side chains, normally in van der Waals contact with
the Ala308 methyl group, face each other in the MLAMsquares fitting the backbone of one domain, the other
domain exhibits displacements up to 8 A˚ relative to mutant.
equivalent wild-type atoms. A measure independent of
the reference frame used for the structural comparison Causes and Effects of Intertwining
Even though two mutations occur in the MLAM mutantis the distance between the C atoms of the central Leu
residues (at position 269). While this distance is constant and both of them may contribute to the effects that bring
about the intertwined folding, it is likely that Met310 onlyat 7.0–7.1 A˚ in most of the mutants and in the wild-type,
Figure 2. Stereo Figure of the Electron
Density
The peptide segment 303–309, for each
monomer, is shown; it can be clearly seen
how the electron density crosses over the
interface resulting in the intertwined fold of
the MLAM mutant. The electron density
shown is from the early stages of the refine-
ment: the 2Fo 	 Fc map (gray mesh) is con-
toured at 1 and the Fo 	 Fc difference map
(positive peaks in blue and negative peaks
in red mesh) is contoured at 3. Residues
303–309 were omitted from the coordinates
used for the calculation of the electron den-
sity. The atomic coordinates shown are those
of the final refined structure.
Structure
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Figure 3. Stereo Pairs with the Superposition of the MLAM Mutant on the Wild-Type Homodimer Conformation
The MLAM mutant is shown in yellow and blue, while the wild-type is in red and green (as in Figure 1). The overlay was prepared by least
squares fitting one of the intertwined domains of the mutant structure onto one of the native monomers. In the MLAM mutant, a shift of the
two domains relative to each other is apparent. The superposition also highlights the virtually identical structures of the intertwined domain
and the wild-type monomer.
(Val in the native molecule) causes the structural change. one mutation (or possibly two) are offset by the inter-
twined fold, which ultimately maintains a functional di-In fact, the MLAV mutant (Table 1), which has a single
Tyr to Met substitution at position 267, is a normal dimer. mer interface.
The Val at position 310 can be mutated to the smaller
residue Cys (as in MLAC, WLAC, and ILAC) without Functional Considerations
Despite the slight relative reorientation of the domains,changes in the fold, but mutation to the larger residue
Met would lead, in the wild-type conformation, to multi- this is not expected to have a significant effect on DNA
binding. First, the dimerization domain features very fewple intradomain clashes with Glu265, Leu 268, Asp302,
and also with Tyr267 (see Experimental Procedures). It contacts with DNA, all non-sequence-specific electro-
static interactions with the DNA backbone. Second, thecan be argued that the presence of methionine at posi-
tion 310 would make it difficult or impossible for the change in orientation of the dimerization domains is
likely to be “buffered” by the flexible region that linksdomain to fold stably within itself; intertwining is a way
to maintain most of the amino acids in their favorable them to the N-terminal DNA binding domains, and there-
fore may well have no consequence on the positioningnative environment and, at the same time, allows for
subtle atomic displacements to relieve strain. Small of the DNA binding domains. Last, as shown by the
structure of the p50/p65 heterodimer DNA complex, re-atomic shifts at position 310, relative to the wild-type,
increase the spacing with Glu265. Steric hindrance is orientation of domains relative to the p50/p50 homodi-
mer DNA complex is simply accompanied by rearrange-therefore minimized.
The most dramatic changes are caused by the cross- ments in the DNA (Chen et al., 1998).
Transcription factors of the NF-B group rely on bothover of the polypeptide chain from one domain to the
other. Changes extend to the side chains of His304, homodimerization and heterodimerization to bind the
full spectrum of their target sites. Based on the structureArg305, and Phe307 which adopt a different conforma-
tion in the intertwined structure. In the wild-type, the of the p50/p65 DNA complex and on the very strong
similarity of structural elements between p50 and p65,benzyl ring of Phe307 points out of the domain into the
interface, making contact with the aliphatic chain of it is tempting to speculate that intertwining is possible
in heterodimers. However, this is unlikely to be effectiveArg305 from the cognate monomer; in the mutant, the
phenylalanine of one chain has crossed over to engage in producing heterodimers of mutant p50 and wild-type
p65, if intertwining takes place upon folding.in interactions with residues of the other chain. The
groups of Val273, Phe307, and Arg305 become sand- Presumably, intertwining of the dimerization domains
takes place in the whole molecule as well. Since thewiched between each other, forming a continuum of
hydrophobic packing with intervening side chains from mutant was identified in a random mutagenesis/screen-
ing experiment, and is functional in vivo (in E. coli), itseach monomer. These atomic displacements are the
major structural differences between interactions in the structure provides an example of structure/function re-
lationships selected by molecular evolution.wild-type and the mutant; they are the direct result of
the crossover of the polypeptide chain between the two
domains. Intertwined Folding and Domain Swapping
The intertwined folding of the MLAM mutant is relatedIt is reasonable to believe that the intertwining takes
place upon folding; it is hard to imagine how a normally to the phenomenon known as domain swapping (Ben-
nett et al., 1994; Schlunegger et al., 1997; Liu and Eisen-folded monomeric domain would, upon dimerization,
unfold and then intertwine with another partner mole- berg 2002), seen in numerous proteins that naturally
exist as dimers joined through the sharing or exchangecule. In particular, modeling of methionine at position
310 in the wild-type monomer indicates that native fold- of equivalent structural elements. Sometimes the swap
involves just a single helix, and in many instances theing of the mutant would be severely restricted by steric
hindrance. Thus, the disruptive consequences of just swapped elements are at the C or N terminus (Liu and
Intertwined Folding Rescues Functional Dimerization
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of 1.8–2.2; then 30 ml from this were used to inoculate 500 ml ofEisenberg 2002). The intriguing change observed in the
2TY culture which was incubated at 30C until an OD600nm in theNF-B structure of the MLAM mutant goes beyond the
0.7–1.0 range was reached. Cells were induced with IPTG, at a finalclassical definition of domain swapping. It is in fact a
concentration of 0.4 mM, incubated a further 2.5 hr at 30C, and
true intertwining that intimately joins the two chains pre- then transferred at 25C overnight. After harvesting, cells were lysed
sumably upon folding. A somewhat similar case is the using BugBuster (Novagen) according to the manufacturer’s proto-
col. The soluble protein was separated by a centrifugation stepcore mutant of the monomeric immunoglobulin binding
and then filtered before application to an SP Sepharose columndomain B1 of the streptococcal protein G (Frank et al.,
(Pharmacia) and then run through a gel filtration column (Superdex2002). In an experiment aimed at studying the effect
75, Pharmacia), as reported previously (Huang et al., 1997).of hydrophobic packing on folding, nine core positions
were randomized to a set of five nonpolar amino acid
Crystallization and Data Collection
side chains. From the resulting library a tetrameric vari- Pure protein (over 95% pure as judged by SDS-PAGE) at a concen-
ant with five mutations was isolated, in which the mono- tration of 9–16 mg/ml in 10 mM Tris HCl buffer (pH 7.5) with 25 mM
NaCl was used for crystallization trials, with the hanging drop vapormers intertwine to form domain-swapped, entangled
diffusion method. Diffraction quality crystals normally grew in 2–4molecules. In the GB1 tetramer, five mutations lead to
weeks at a temperature of 19C from 1–2 l drops of protein solutiona biologically inactive, novel architecture with a different
mixed with 1–2 l drops of reservoir solution containing 16%–22%proportion of secondary structures, while the MLAM
PEG 8000, 200–300 mM ammonium sulfate, and 100 mM Na cacody-
mutant preserves function, and overall secondary and late buffer (pH 6.5). The fully grown crystals were soaked for 5–10 s in
tertiary structures. Both the GB1 tetramer mutant and the cryoprotectant solution containing 26%–28% of ethylene glycol
together with the crystallization condition stated above, mountedthe MLAM NF-B mutant indicate that intertwined fold-
into the cryo-loops (Hampton Research, Ltd), and then either placeding is a kind of extreme domain swapping event in which
into the liquid nitrogen or into the stream of nitrogen gas at 100 Kunstable, misfolded monomers survive by aggregating
provided by the CryoStream device (Oxford Instruments, Ltd.). X-rayinto stable, well-packed dimers or polymers.
diffraction data collection experiments were performed at cryogenic
In the case of the switch mutant of the Arc repressor temperature using either an “in-house” copper rotating anode (gen-
homodimer, two simple mutations result in the transfor- erator RU-H3R, Rigaku-MSC, Ltd) equipped with Max-Flux confocal
multilayer optics (Osmic, Inc.) or synchrotron (beam stations PX 9.6mation of a swapped strand into a short helical segment
and PX 14.2 of Daresbury SRS, Warrington, UK) radiation sources.(Cordes et al., 1999). In spite of its loss of function, the
The diffraction data were recorded using either Raxis IV imagesignificant repacking of side chains provides insights
or Quantum4 CCD (Area Detector Systems Corporation) detectors.into fold evolution and large effects of localized muta-
Raw diffraction data were collected using a single crystal at 1
tions. By contrast, the intertwined folding that occurs oscillation steps and were indexed, integrated, scaled, and reduced
in the MLAM NF-B mutant is a fascinating example of using HKL diffraction data processing suite (Otwinowski and Minor,
1997) with the CCP4 suite of crystallographic programs (CCP4, 1994)how the conformational plasticity of protein structure
for subsequent calculation of structure factor amplitudes. The crys-can rescue function from a potentially damaging muta-
tallographic data collection statistics are given in Table 1.tion event.
An interesting case is the transition to a functional
Structure Solution and Refinementdomain-swapped dimer observed in the human anti-
The structures of NF-B mutants were determined by the molecular
body 2G12, in which a whole Ig domain is exchanged replacement method using the coordinates of the model of dimeriza-
between two antibody molecules, as a result of multiple tion domain of NF-B p50 (PDB code: 1bfs [Huang et al., 1997]) as
search probe. Rotational and translational parameters of the searchsomatic mutations including a proline at the elbow re-
probe in the asymmetric unit of the target crystal were identifiedgion or hinge loop (Calarese et al., 2003). This novel
with AmoRE (Navaza, 1994). The initial model, obtained by applyingantibody is functional, but there is no intertwining. A
the rotation and translation matrix, was then subjected to roundsnatural example of intertwined folding is provided by
of crystallographic refinement and manual rebuilding. The structure
the structure of the TorD dimeric bacterial chaperone, of MLAM mutant was also obtained by the molecular replacement
where identical monomers exchange about half of their method, following the same procedure used for the other mutants.
Several crystallographic lines of evidence support the intertwinedhelical fold (Tranier et al., 2003). It is not known if this
nature of the dimer in this mutant. First of all, when the wild-typemolecule has a nonswapped counterpart.
model was subjected to several rounds of refinement, the processThe structure of the MLAM NF-B p50 interface mu-
converged or, rather, stalled at a point with R/Rfree of about 39%/tant reveals a striking case of intertwined folding pro-
45% (respectively) and could not progress further using the wild-
bably caused by a single, surface mutation. The new type coordinates for the phases, even if the side chains at the
entangled dimer maintains wild-type-like tertiary and mutation sites were truncated to Ala. Second, examination of Fo 	
Fc difference maps revealed the presence of large peaks of negativesecondary structures and rescues function from a lethal,
density over residues in the loop between residues 303 and 307.destabilizing mutation.
Third, 3Fo 	 2Fc maps and SA omit maps clearly showed continuous
stretches of electron density crossing over the interface from one
monomer into the other one. Fourth, rebuilding of the loop into theseExperimental Procedures
calculated electron densities resulted in a drastic decrease in both
R and Rfree values to 30% and 37% (respectively), in a single roundCloning and Protein Preparation
The procedure used here was similar to the one reported previously of refinement. These data unambiguously confirm the correctness
of the model.(Huang et al., 1997). The segment of the NF-B p50 gene corre-
sponding to the dimerization domain, between residues Ala245 and The following refinement cycles reduced the R/Rfree to final values
of 26.5%/31.7%, respectively. The refinement of atomic coordinatesGlu350, was amplified from samples of the previously published
mutants (Hart et al., 2001). PCR primers incorporated the restriction was done using the CNS (Brunger et al., 1998) and Refmac (Murshu-
dov et al., 1997) refinement packages. Simulated annealing proto-sites NdeI and BamHI to allow cloning into pET3a (Novagen). Protein
overexpression for each mutant was carried out in the following cols as implemented in CNS were utilized in the first rounds of
refinement. The temperature refinement included either restrainedway: 75 l from an overnight 5 ml starter LB culture at 37C were
used to inoculate a 75 ml LB culture; this was grown to an OD600nm individual for all except the MLAM mutant structures. The grouped
Structure
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B factor refinement was tried in the case of MLAM mutant; however, Cordes, M.H.J., Walsh, N.P., McKnight, C.J., and Sauer, R.T. (1999).
Evolution of a protein fold in vitro. Science 284, 325–327.it did not produce a significant reduction in the Rfree value. Therefore,
only the overall B factor refinement was performed followed by the Frank, M.K., Dyda, F., Dobrodumov, A., and Gronenborn, A.M.
TLS (Winn et al., 2001) refinement. Manual rebuilding was performed (2002). Core mutations switch monomeric protein GB1 into an inter-
with the XtalView suite (McRee, 1999) using sigmaA weighted 2Fo 	 twined tetramer. Nat. Struct. Biol. 9, 877–885.
Fc, Fo	Fc, and annealed omit maps. An automated model-rebuilding Ghosh, G., van Duyne, G., Ghosh, S., and Sigler, P.B. (1995). Struc-
program ARP/WARP (Morris et al., 2002) was also employed in the ture of NF-B p50 homodimer bound to a kB site. Nature 373,
early stages of refinement to aid the manual rebuilding procedure. 303–310.
Most water molecules were picked using the XtalView internal sub-
Hart, D.J., Speight, R.E., Sutherland, J.D., and Blackburn, J.M.routine and additional ones were placed manually using the follow-
(2001). Analysis of the NF-B p50 dimer interface by diversity screen-ing criteria: a peak of at least 2.5 for a Fo	 Fc map, a peak of at least
ing. J. Mol. Biol. 310, 563–575.1 for a 2Fo 	 Fc map, and reasonable intermolecular interactions.
Huang, D.B., Huxford, T., Chen, Y.Q., and Ghosh, G. (1997). ThePROCHECK (Laskowski et al., 1993) was used to evaluate the ste-
role of DNA in the mechanism of NF-B dimer formation: crystalreochemistry of the final refined models, confirming that these have
structures of the dimerisation domains of the p50 and p65 subunits.good geometries and that all non-glycine residues lie in the allowed
Structure 5, 1427–1436.or generously allowed regions of the Ramachandran plot. The final
refinement statistics are shown in Table 1. Analysis of the structures Janin, J. (1999). Wet and dry interfaces: the role of solvent in protein-
was carried out using XtalView. Checks for steric clashes of Met310 protein and protein-DNA recognition. Structure 7, R277–R279.
in the wild-type structure were carried out using the 1bfs coordi- Larsen, T.A., Olson, A.J., and Goodsell, D.S. (1998). Morphology of
nates; a methionine residue was modeled at position 310, replacing protein-protein interfaces. Structure 6, 421–427.
the valine present in the native molecule. Up to 13 major rotameric
Laskowski, R.A., MacArthur, M.W., Moss, D.S., and Thornton, J.M.conformations of methionine were checked for steric clashes (in-
(1993). PROCHECK: a program to check the stereochemical qualityteratomic distances less that 2.5 A˚ for hydrogen bonding atoms and
of protein structures. J. Appl. Crystallogr. 26, 283–291.less than 3.6 A˚ for nonhydrogen bonding atoms) with the neighboring
Liu, J., and Eisenberg, D. (2002). 3D domain swapping: as domainsside chains of Glu265, Asp267, Leu268, and Asp302. Clashes were
continue to swap. Protein Sci. 11, 1285–1299.found for all rotamers indicating that rearrangements in the wild-
type structure are necessary for the Val to Met mutation to be ac- McRee, D.E. (1999). XtalView/Xfit: a versatile program for manipulat-
ing atomic coordinates and electron density. J. Struct. Biol. 125,commodated.
156–165.
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